detected in this study, 19 of these genes showed consistency on their differential 2 8 8
regulation, but at a lower magnitude (Supplemental Fig. 2A ). We used qRT-PCR to 2 8 9
further validate those expressions. In total, 18 of 19 genes showed similar expression 2 9 0 pattern as the result of our RNA seq data (Supplemental Fig. 2B ), indicating the 2 9 1 efficacy of hypoxic treatment using 3% O 2 in our system. 2 9 2 2 9 3
Completely different set of genes undergo alternative splicing (AS) in response to 2 9 4 hypoxia during rice seed germination 2 9 5
Approximately 1.32 billion raw reads in total averaging 200 million reads per sample 2 9 6
were obtained from RNA sequencing (Supplemental Table 1 ). Among these, 1.25 2 9 7 billion clean reads were subjected to the mapping process. On average, approximately 2 9 8 95% were uniquely mapped to the genome and used for subsequent bioinformatic 2 9 9
analysis (Supplemental Table 1 ). For AS identification, each sample identified over 3 0 0 75,000 AS events. In total, 10,253/26,848 (38.2%) annotated intron-containing genes 3 0 1 in rice seed were observed to exist as AS events in rice seeds. Approximately 6.4% 3 0 2
(1,729/26,848) more intron-containing genes were observed in comparison to the 3 0 3
original annotation file. Slightly differ from previous AS analysis in ABA-treated 3 0 4
Arabidopsis seedlings (Zhu et al., 2017) , alternative first exons (AFE), alternative last 3 0 5
exons (ALE) and intron retention (IR) remained as the most abundant three AS events 3 0 6 through all the samples (Fig. 1A ). Among these three AS event types, AFE and ALE 3 0 7
caused variable 5'-and 3'-untranslated ends, which may affect the efficiency of to regulate translational efficiency of target transcripts (Laing et al., 2015) , whereas 3 1 2 polyadenylation at the 3'-end of transcripts is well known to affect the localization 3 1 3
and stability of the transcripts (De et al., 2017) . When the dataset of differentially 3 1 4
expressed genes (DEG) (Supplemental Table 2 ) was compared to the dataset of 3 1 5 differentially expressed AS genes (DAS) (Supplemental Table 3 ), over 95% were not 3 1 6 the same (Fig. 1B) . Only 23 genes were differentially regulated at both transcription 3 1 7
and post-transcriptional levels (Fig. 1B) . This suggests that alternative splicing may 3 1 8
play an important and distinctive role during rice hypoxic germination. Subsequent 3 1 9
gene ontology enrichment analysis also confirmed the result from the Venn diagram 3 2 0 (Fig. 1B, Supplemental Fig. 3 ). In several cases, DEG and DAS genes did not coexist 3 2 1 in the same secondary GO category (Supplemental Fig. 3 ). Fourteen isoforms of 7 3 2 2 genes in the DAS dataset were assembled and validated by quantitative real-time PCR 3 2 3
(qRT-PCR). In total, 6 of these genes were consistent to the data from RNA seq 3 2 4
analysis, suggesting the reliability of AS identification and quantification from the 3 2 5
analytical pipeline (Supplemental Fig. 4 ). Except for categories related to linoleic acid 3 2 6 metabolism, the majority of DEG and DAS genes were not enriched in the same 3 2 7
KEGG category (Supplemental Fig. 3 DAS events (1,742) for control / hypoxia-treated samples, respectively (Fig. 3A, B) .
Among these, approximately 70% of peptides were shared by both samples. 3 5 5
Intriguingly, much fewer AFE events could be detected at peptide level in comparison 3 5 6
to ALE events (Fig. 2B) . Furthermore, 13.5% of the total AS events (5,652/41,887) 3 5 7
were translated into peptides, suggesting that the majority of AS transcripts may be 3 5 8
degraded by RNA surveillance mechanisms such as nonsense-mediated mRNA decay 3 5 9
(NMD) (Nicholson et al., 2010; Drechsel et al., 2013) . In contrast, an elevated 3 6 0 percentage (38.3%) of DAS events could be translated into peptides in all AS types 3 6 1 ( conditions during rice germination, and most of these were not present in the DEG 3 6 5 dataset analysed by a conventional RNA seq pipeline. 3 6 6
In addition, approximately 68.3% of AS events identified in this study were not 3 6 7 annotated in the genome and thus were marked as new features for rice genome 3 6 8
identification was approximately 40-50% in this study ( that a large number of novel proteins or short peptides are yet to be identified, and this 4 0 7
is caused by incomplete genome annotation (Kim et al., 2014) . Thus, a 6-frame 4 0 8 translation library was constructed using the combination of assembled cufflink files 4 0 9
during RNA seq analysis and reference annotation files based on previously published suggesting that short peptides may play an important role in response to hypoxia 4 2 0 during rice germination. Intriguingly, 137 novel proteins were quantified at a second 4 2 1 frame of known transcripts. Few of these overlapped with DEG and DEP datasets, 4 2 2
indicating that most of these proteins can only be detected by proteomic analysis 4 2 3 using the customized library. This set of genes served as a source of novel candidates 4 2 4
for further investigation of hypoxic responses during rice germination. The conventional 5'-splicing sites are less conserved in rice seeds at normal 4 2 7 condition and under hypoxia treatment 4 2 8
To further investigate the splicing characteristics between total AS and 4 2 9
hypoxia-affected DAS datasets, statistical analysis of splicing sites (ss) conservation 4 3 0 was performed. Conventionally, U2-type splicing sites (5'-GT-AG-3') are conserved 4 3 1
and account for 90% of total splicing sites among plant species (Will and Luhrmann, 4 3 2 2011). In this study, the 3'-splicing site (AG) was relatively conserved and accounted 4 3 3
for over 80% in both control and hypoxia-treated samples (Fig. 6A ). An extra 'C' was 4 3 4
identified as a conserved sequence in both AS and DAS datasets (Fig. 6B) . Thus, 4 3 5
3'-splicing sites were identified as 'CAG' in rice seeds, and the hypoxia treatment did 4 3 6 not change this signature (Fig. 6B ). However, there was a decrease in the 'AG' 4 3 7
proportion in hypoxia-treated samples, which was associated with the increase in the 4 3 8
proportions of several other ss sequences especially 'AC'. In contrast, the 4 3 9
conventional 5'-splicing site (GT) accounted for only 50% of total AS and was 4 4 0
increased to approximately 60% in the hypoxia-affected DAS dataset (Fig. 6A ). To further understand the underlying mechanism of DAS regulation under hypoxia 4 5 6 stress, splicing factors in rice were summarized and subjected to further analysis. 4 5 7
Three genes were found in the DEG dataset (Fig. 7A) . In contrast, a total of 105 AS 4 5 8
events from 21 splicing factor-related proteins were observed in the DAS dataset (Fig.  4  5  9 7A, B), and none of them were found in the DEG dataset. Amon these, 60 AS events 4 6 0 were up-regulated, whereas 45 AS events were down-regulated (Fig. 7B) . In detail, 4 6 1 43.8% of AS events were AFE and ALE accounting for 28.6% (Fig. 7C ). The 4 6 2 remaining three AS types accounted for 27.7% of the total AS events (Fig. 7C ).
6 3
According to the classification in the splicing-related gene database (SRGD, 4 6 4 http://www.plantgdb.org/SRGD/index.php), the 21 genes observed in the DAS dataset 4 6 5
were classified into 11 subgroups (Fig. 7D ) from core splicing components to 4 6 6 auxiliary factors. And those SFs enriched in KEGG term of spliceosome (Fig. 1C ) 4 6 7
were chosen for qRT-PCR validation (Fig. 7E ). Some isoforms of selected SFs were 4 6 8 differentially expressed under hypoxia treatment, suggesting that the change of AS in 4 6 9 splicing components may be crucial in response to hypoxia stress during rice 4 7 0 germination. and may serve as good candidates for further functional characterization (Fig. 3A, B ). 4 8 8
These genes were distributed in a variety of biological pathways, including amino 4 8 9 acid biosynthesis, ribosome and proteasome pathway, pantothenate and CoA 4 9 0 biosynthesis and oxidative phosphorylation, and were not selected for further found in comparison to the DEG dataset (Fig. 7) , suggesting the importance of those 5 1 1 proteins in splicing site recognition. Over 100 AS events in these 21 splicing factors 5 1 2
were affected during hypoxia treatment, which may greatly alter the protein isoforms of certain non-conventional splicing sites during rice hypoxic germination 5 1 8 (Supplemental Fig. 5) . Furthermore, the integration of qualitative proteomic data 5 1 9
implies that hypoxia-responsive AS events are more likely to be translated in 5 2 0
comparison to non-responsive ones (Fig. 3B , lower panel), providing protein evidence 5 2 1
for the potential role of these AS isoforms in response to hypoxia stress. Therefore, 5 2 2 our results suggest that alternative splicing is an independent pathway other than 5 2 3 transcriptional repression in response to hypoxia during rice germination. The 5 2 4 majority of members in this pathway remain to be elucidated. Alternative cellular pathways are activated by AS under hypoxia treatment 5 2 7
Several pathways were found to be over-represented under AS-mediated responses 5 2 8
during rice hypoxic germination. mRNA surveillance, such as NMD, has long been 5 2 9
demonstrated to play an important role in controlling mRNA stability and abundance 5 3 0 before translation (Nicholson et al., 2010; Drechsel et al., 2013) . It has been reported 5 3 1 that NMD is closely related to exon junction complex (EJC) of splicing machinery in 5 3 2 1 both animals and plants (Shaul, 2015) . In Arabidopsis, hypoxia-responsive ERFs, 5 3 3
HRE1 and HRE2, have been proposed to be likely regulated by post-transcriptional 5 3 4 mechanisms for their mRNA stability (Licausi et al., 2010) . From our dataset, 5 3 5
isoforms of several components belong to EJC complex (e.g. Os08g0305300, 5 3 6
OsSMG7 and Os05g0140500, OsY14a) were observed to be differentially regulated 5 3 7
(Nyikó et al., 2013), indicating their potential function in surveillance of newly 5 3 8
spliced RNA isoforms under hypoxia. Evidence shows that the status of spliceosome 5 3 9
will be affected under hypoxia in animal tissues (Schmidtkastner et al., 2008) . 
